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Department of Virology, Erasmus Medical Center, Rotterdam, The Netherlands,1 and Centro Nacional de Microbiologı́a and
CIBER de Enfermedades Respiratorias, Instituto de Salud Carlos III, Madrid, Spain2

Received 4 March 2008/Accepted 23 June 2008

Membrane fusion promoted by human metapneumovirus (HMPV) fusion (F) protein was suggested to
require low pH (R. M. Schowalter, S. E. Smith, and R. E. Dutch, J. Virol. 80:10931–10941, 2006). Using
prototype F proteins representing the four HMPV genetic lineages, we detected low-pH-dependent fusion only
with some lineage A proteins and not with lineage B proteins. A glycine at position 294 was found responsible
for the low-pH requirement in lineage A proteins. Only 6% of all HMPV lineage A F sequences have 294G, and
none of the lineage B sequences have 294G. Thus, acidic pH is not a general trigger of HMPV F proteins for
activity.

The human metapneumovirus (HMPV) was first described
in 2001 when it was classified as the first mammalian member
of the Paramyxoviridae family, subfamily Pneumovirinae, genus
Metapneumovirus (16). Sequence analyses of the surface gly-
coprotein genes of several HMPV isolates revealed the exis-
tence of two main genetic HMPV lineages (A and B), each
divided into two sublineages (A1, A2, B1, and B2) (17).

One of the major HMPV glycoproteins is the fusion (F)
protein, which is relatively conserved among HMPV strains
(17) and shares structural features with other paramyxovirus F
proteins. These proteins are class I viral fusion proteins (18),
which are synthesized as inactive precursors, F0, that must be
cleaved to yield fusion-competent disulfide-linked F2-F1
chains (reviewed in references 7 and 8). They mediate fusion of
the viral and cell membranes to facilitate virus entry into the
cell and commonly promote cell-cell fusion leading to syncy-
tium formation (SF).

The fusion proteins of viruses from virus families that enter
the cell via acidic endosomes require low pH for triggering
membrane fusion (13, 18). In contrast, membrane fusion pro-
moted by paramyxovirus F proteins generally occurs at the cell
surface and at neutral pH (6, 11). It is believed that in viruses
of the Paramyxovirinae subfamily, the F protein is maintained
in the virion in a metastable prefusion conformation by specific
interactions with the attachment protein. Following attach-
ment to the target cell receptor, conformational changes in the
attachment protein are transduced to the F protein to activate
it for fusion “at the right time and in the right place” (6, 10).
However, it is unlikely that this applies to the Pneumovirinae,
including human respiratory syncytial virus (HRSV) and

HMPV, since spontaneous mutants of HRSV (5) or genetically
engineered recombinants of HRSV (14, 15) and HMPV (1)
expressing F as the only surface glycoprotein are infectious. In
addition, whereas Paramyxovirinae F proteins require cooper-
ation of the attachment protein for SF, expression of HRSV (3,
20) or HMPV (12) F proteins alone in transfected cells is
sufficient to induce SF. Thus, the activating mechanism of the
F protein of viruses belonging to the Pneumovirinae subfamily
remains unclear.

Schowalter et al. (12) reported that SF promoted by the F
protein of HMPV, strain CAN97-83, was detected only when
cells transfected with an F-expressing plasmid were treated
with trypsin (required to cleave the F0 precursor) and exposed
to low pH. This low-pH dependency suggested a unique way of
triggering fusion among paramyxovirus F proteins. To test the
generality of this statement, HMPV F-mediated membrane
fusion was assayed with proteins derived from prototype
strains isolated in The Netherlands and representative of the
four HMPV genetic lineages, as shown in Fig. 1 (17). The F
genes were cloned in plasmid pCAGGS (9) and used in an SF
assay, essentially as described by Schowalter et al. (12). Briefly,
Vero cells growing in eight-well plates were transfected with 1
�g of pCAGGS-F plasmids, using Fugene. The next day, cells
were incubated for 2 hours in medium with 1 �g/ml trypsin and
subsequently exposed to phosphate-buffered saline at pH 5 or
pH 7.4 for 4 minutes. This pH pulse was repeated three times,
2 hours apart. Twenty-four hours after the last pH pulse, the
cells were fixed, and the syncytia were visualized with HMPV
F-specific antibodies.

Fusion was also tested in a cell content mixing (CM) assay in
which two wells of a six-well plate containing Vero cells were
each transfected with 2 �g of pCAGGS-F and 0.4 �g of pTS27
plasmid, a constitutive �-galactosidase (�-Gal) expression vec-
tor, using Lipofectamine 2000. The cells in one well were
cotransfected with 2 �g of pLTR-CAT (containing the chlor-
amphenicol acetyltransferase [CAT] gene under the control of
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the human immunodeficiency virus type 1 [HIV-1] long termi-
nal repeat [LTR]), and the cells in the other well were cotrans-
fected with 2 �g of pTat (expressing the HIV-1 transactivator
of transcription Tat) (4). One day after transfection, both cell
populations were harvested using trypsin-EDTA, mixed, and
plated in three wells of a six-well plate. The next morning, cells
were exposed to three pH pulses as described above. Cell
lysates were harvested 24 hours after the last pH pulse, and
CAT and �-Gal expression was quantified by an enzyme-linked
immunosorbent assay. In this assay, CM, as a result of F-
mediated fusion, resulted in Tat-mediated transactivation of
the HIV-1 LTR, and hence induction of CAT expression.

Figure 2 shows SF and CM assays performed with the four
prototype HMPV proteins. Transfection of empty pCAGGS
vector or exclusion of trypsin resulted in no measurable mem-
brane fusion in both assays (not shown). A clear low-pH de-
pendency could be observed for FNL/1/00(A1) (F protein from
isolate NL/1/00 of HMPV sublineage A1), since large syncytia
were observed upon exposure to pH 5, whereas only small
syncytia were visible after exposure to pH 7.4 (Fig. 2A). In the
CM assay, low-pH treatment also resulted in significant en-
hanced CAT expression (Fig. 2B). Very small syncytia and low
levels of CAT expression were observed for the FNL/17/00(A2)

protein at low and neutral pH. In contrast, transfection of
FNL/1/99(B1) and particularly FNL/1/94(B2) resulted in large syn-
cytia at low and neutral pH (Fig. 2A), indicating that fusion
promoted by HMPV lineage B F proteins was highly efficient
and not enhanced at low pH, a finding that was confirmed in
the CM assay (Fig. 2B). These initial results, summarized in
Fig. 1, demonstrated that low-pH dependency is not a general
phenomenon for the F proteins of HMPV. Similar results were
obtained with LLC-MK2, ruling out the possibility that they
were cell type specific (not shown).

The results obtained with FNL/17/00(A2) were unexpected,
since Schowalter et al. (12) had made use of an almost identical
F protein, FCAN97-83(A2), which differs only in two amino acids,
T270M and E294G, from FNL/17/00(A2) (Fig. 1). Site-directed
mutagenesis was used to change T270M in FNL/17/00(A2) be-
cause all HMPV F sequences in public databases, except this

FIG. 1. HMPV strains used in this study. A phylogenetic tree of
prototype strains of HMPV isolated in The Netherlands (prefix NL)
and representing the four genetic lineages (indicated in parentheses)
was constructed on the basis of sequences reported by van den Hoogen
et al. (17). The CAN97-83 strain used by Schowalter et al. (12) was also
included in the analysis for comparison (underlined and in italics).
Also indicated is the amino acid at residue 294 of the F protein in each
of the viruses. Finally, the low-pH dependency of each F protein for
membrane fusion is indicated (�, increased membrane fusion at low
pH; �, membrane fusion not increased at low pH), as inferred from
the results of Fig. 2 and the results reported by Schowalter et al. (12)
for strain CAN97-83. The bar denotes 0.01 nucleotide substitution per
site.

FIG. 2. Evaluation of cell-cell fusion mediated by F proteins rep-
resenting the genetic lineages A1, A2, B1 and B2 of HMPV. (A) Syn-
cytium formation in Vero cells transfected with pCAGGS expression
vectors carrying the F genes of the HMPV viruses shown at the left
margin (genetic lineage indicated in parentheses). The cells were ex-
posed to low pH (pH 5.0) or neutral pH (pH 7.4), before being stained
with a rabbit polyclonal anti-F antibody. Expression levels were mea-
sured by flow cytometry and found to be essentially the same under all
conditions and for all F proteins (not shown). (B) Cell content mixing
assays were performed in Vero cells transfected with plasmids carrying
F, �-Gal, and LTR-CAT genes or F, �-Gal, and tat genes. The next
day, the two cell populations were mixed, followed by low-pH (pH 5.0)
or neutral-pH (pH 7.4) treatments. Twenty-four hours later, the CAT
values were measured and normalized to �-Gal expression to correct
for differences in transfection efficiency and sample processing. The
results presented in panels A and B are representative of five inde-
pendent experiments.
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FIG. 3. Evaluation of cell-cell fusion with F-protein mutants. Syncytium formation assays (A) and cell content mixing assays (B) were done with
the wild-type (wt) and mutant F proteins shown in each panel, as described in the legend to Fig. 2. The results of this figure are representative
of four independent experiments.
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strain, have Met at that position. This change had no effect on
F-protein activity (not shown). Therefore, the difference
(E294G) between FNL/17/00(A2) and FCAN97-83 (A2) was appar-
ently solely responsible for the different pH requirements of
the two proteins. To test this hypothesis, E294G was further
substituted in FNL/17/00(A2). When assayed for membrane fu-
sion, the double mutant T270M E294G showed increased ac-
tivity in both SF and CM assays, but only at low pH (Fig. 3),
mimicking the results reported for FCAN97-83(A2) (12).

It was interesting to note that the other F protein that
displayed enhanced fusion upon low-pH treatment in Fig. 2
[FNL/1/00(A1)] also had Gly at residue position 294 (Fig. 1).
Although FNL/1/00(A1) and FNL/17/00(A2) sequences differ at 10
positions, including position 294 (17), we decided to test
whether the G294E change was sufficient to revert the low-pH-
dependent phenotype of FNL/1/00(A1). Indeed, as shown in Fig.
3, the G294E change inhibited the fusogenic activity of FNL/1/00(A1)

in both SF and CM assays at pH 5.0 and at pH 7.4, making it
very similar to the protein derived from FNL/17/00(A2). There-
fore, the amino acid residue at position 294 is a key determi-

nant of membrane fusion activity in a low-pH-dependent man-
ner, for HMPV lineage A F proteins.

The E294G change was also tested in the F proteins of
prototype HMPV lineage B strains. In contrast to the results
obtained with lineage A proteins, the mutation E294G had
contrasting effects in FNL/1/99(B1) and FNL/1/94(B2). In the B1
strain, it inhibited F-protein-induced fusion at low and neutral
pH, and in the B2 strain, it only marginally reduced F-medi-
ated fusion at either pH. The different responses of lineage A
and B proteins to the E294G change are likely determined by
other amino acid differences between the two lineages that
may also have a dominant effect on the fusogenic properties of
the respective F proteins.

There is no clear explanation for the dominant effect of
residue 294 in the fusogenic properties of HMPV lineage A F
proteins. Since a three-dimensional structure of HMPV F pro-
tein is still lacking, a model of its preactive conformation was
built, based on the structure determined for the parainfluenza
virus 5 F protein (19). In this model, residue 294 is located at
the base of the globular head of the F trimer (Fig. 4). Given

FIG. 4. Locations of critical residues in a model of HMPV F protein. (A) The model represents the prefusion conformation of the HMPV F
trimer, built with the atomic coordinates of the preactive structure of the parainfluenza virus 5 F protein, reported by Yin et al. (19) and using the
SWISS-MODEL server facilities (http://swissmodel.expasy.org/). Details of the model-building process will be published elsewhere. One of the
monomers is shown as a golden ribbon in which residues 368 (blue) and 294 (red) are shown as balls. (B and C) Partial blowups of the structure
showing the lateral side chains of 368H and 294E or 294G. The strains mentioned in the text, which have either 294E or 294G, are indicated below
panels B and C, respectively.
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that residue 294 is near 368H in the three-dimensional model,
it is possible that the presence of either Glu or Gly at position
294 could influence protonation of 368H. Protonation of his-
tidines is important for activation of certain fusion proteins
that require low pH for fusion (2). Therefore, 294E could
facilitate protonation of 368H in HMPV F proteins even at
neutral pH, whereas protonation of 368H may require low pH
when it is 294G. This protonation of 368H could be necessary
for the conformational changes associated to the activation of
HMPV F protein for membrane fusion, even if this is triggered
by a pH-independent mechanism. This explanation for the
low-pH requirement for certain lineage A F proteins cannot be
applied to lineage B proteins, as inferred from the results of
Fig. 2 and 3. It is likely that other amino acid differences
between HMPV lineages A and B may override the dominant
effect of residue 294 for membrane fusion in lineage B pro-
teins. Further mutagenesis based on sequence differences be-
tween lineage A and B strains may shed light on this aspect of
HMPV F-protein activity.

Since HMPV strains with 294G in the F protein represent
only a small proportion of all HMPV lineage A sequences in
public databases (27 of 433 lineage A sequences), low-pH-
dependent fusion is probably a rare characteristic of HMPV.
In conclusion, the data reported by Schowalter et al. (12) and
the data presented here indicate that some HMPV F proteins
require low pH for efficient fusion, but it is unlikely that ex-
posure to low pH is a general trigger of HMPV F protein for
membrane fusion.
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